The mechanisms of cadmium (Cd) -dependent nephrotoxicity were studied in a rat proximal tubule ( 
the hydrolysis of ATP to the vectorial transport of Na ϩ and K ϩ across the plasma membrane. This in turn produces the electrochemical gradient of Na ϩ and K ϩ , which is the primary source of energy for the active transport of various inorganic ions and small organic molecules (5) . In polarized transport epithelia, as in the proximal tubule, Na ϩ /K ϩ -ATPase is located at the basolateral plasma membrane, where it carries out vectorial Na ϩ transport and thereby provides the gradient for transepithelial fluxes of various ions, nutrients, metabolites and xenobiotics via Na ϩ -dependent transporters (6) . Na ϩ /K ϩ -ATPase consists of a catalytic subunit (␣) with an M r of 100,000 and a smaller glycoprotein subunit (␤) with an M r of ϳ55,000 (7, 8) . The catalytic subunit of Na ϩ /K ϩ -ATPase belongs to a stable class of membrane proteins (half-life t 1/2 Ն24 -48 h) (9) . Damage to this enzyme will therefore have a major impact on basic cellular functions and lead to secondary dysfunction of other Na ϩ -dependent transporters, even if these transporters remain undamaged or are able to turn over rapidly.
In eukaryotic cells, the rates of intracellular protein degradation appear to be controlled differentially for individual proteins (10) . Relatively longlived proteins with half-lives of more than 20 h coexist with extremely short-lived proteins (t 1/2 Յ1 min), whose rapid turnover is part of the machinery regulating cellular function. In addition, damaged or otherwise abnormal proteins are also degraded in vivo. For instance, reactive oxygen species resulting from oxidative stress promote structural changes or misfolding of cellular proteins (11) ; to overcome the potentially toxic accumulation of oxidatively modified proteins, cells increase the rates of proteolysis of these abnormal proteins (12) .
Two major pathways are available for selective protein degradation: the lysosomal proteases and the proteasome complex (13) . Proteins that enter cells from the outside via endocytosis or phagocytosis are cleaved within lysosomes; lysosomes also play a role in the degradation of long-lived proteins and transmembrane proteins (14 -16) . The main turnover of short-lived proteins, cytosolic proteins, and proteins originating from the endoplasmic reticulum is conducted by the proteasome complex (17) (18) (19) . In this pathway, proteins are marked for rapid degradation by conjugation with multiple molecules of ubiquitin, which leads to their rapid hydrolysis by the 26S proteolytic complex. The proteolytic core of this structure is the 20S (700 kDa) proteasome, which contains multiple peptidase activities that function together in proteolysis (20, 21) . Abnormal proteins are thus marked for rapid disposal (13, 22, 23) .
Previous in vitro studies on purified Na ϩ /K ϩ -ATPase indicated that oxidants may inactivate enzyme function (24, 25) as well as induce a higher susceptibility to degradation by intracellular proteinases, such as lysosomal cathepsin D or calpains (26) . We therefore hypothesized that Cd-induced nephrotoxicity might be caused by oxidative stress and increased proteolytic degradation of oxidatively modified Na ϩ /K ϩ -ATPase. In the present study, we used a rat kidney proximal tubule cell line as an in vitro model of Cd-induced nephrotoxicity to investigate the effect of Cd on the production of reactive oxygen species and protein stability of the ␣1-subunit of Na ϩ /K ϩ -ATPase and to identify putative cellular mechanisms underlying the proteolytic degradation of damaged Na ϩ /K ϩ -ATPase proteins in proximal tubule cells.
MATERIALS AND METHODS

Materials
The following reagents were obtained from the listed sources and used at the concentrations indicated in the text. Stock solutions of lactacystin (Calbiochem, Bad Soden, Germany) and N-carbobenzoxyl-L-leucinyl-L-leucinyl-L-leucinal (MG-132; Biomol, Hamburg, Germany) were made by solubilization in dimethyl sulfoxide (DMSO). Rat tail collagen type I (Sigma, Deisenhofen, Germany) was dissolved in 100 mM acetic acid. Horseradish peroxidase-conjugated sheep-antimouse and donkey-anti-rabbit immunoglobulin G (IgG) and enhanced chemiluminescence reagents were purchased from Amersham-Buchler (Braunschweig, Germany). Donkey antimouse IgG coupled to indocarbocyanin (CY3) was obtained from Dianova (Hamburg, Germany). Nonfat dry milk and prestained protein standards were from Bio-Rad (Munich, Germany). Polyvinylidene difluoride (PVDF) membranes were from NEN-Dupont (Bad Homburg, Germany). The thiol antioxidants N-acetylcysteine and pyrrolidine dithiocarbamate, and the DNA dyes ethidium bromide (EB) and Hoechst 33342 were from Sigma. All other substances were from commercial sources and of analytical grade.
Cell culture
Immortalized cells (WKPT-0293 Cl.2) of the S1 segment of the proximal tubule of normotensive Wistar-Kyoto rats (RPTC) were cultured as described earlier (27, 28) . Briefly, cells were maintained in renal tubular epithelium medium composed of Dulbecco's modified Eagle's medium: F-12 [nutrient mixture F-12 (Ham)] 1:1 and supplemented with 15 mM HEPES, 1.2 mg/ml NaHCO 3 , 5 g/ml insulin, 5 g/ml transferrin, 10 ng/ml epidermal growth factor, 4 g/ml dexamethasone, 100 U/ml penicillin G, 100 g/ml streptomycin sulfate, and 5% fetal calf serum. Cells were plated at a density of 5 ϫ 10 4 /ml on rat tail collagen type I (125 g/ml 100 mM acetic acid) -coated flasks, passaged at 80% confluency, and split 1:10 twice a week. For inhibitor studies, cells were pretreated for 2 h with inhibitors of the proteasome (lactacystin, MG-132), of lysosomal proteases (chloroquine, NH 4 Cl) or N-acetylcysteine before addition of CdCl 2 for the times indicated. Medium, inhibitors, and CdCl 2 were replaced every 24 h during the stress period.
Fluorescence measurements
Chambers containing cells grown on glass coverslips were placed on an inverted microscope (IMT2-F, Olympus) with a ϫ20, 0.85 objective (Fluor 20 or 40, Nikon). A variable monochromatic light source (Till Photonics, Munich, Germany) was coupled to the microscope with a light guide. Images were recorded with an integrating slow scan camera (Theta System, Munich, Germany) and digitized to 8 bits/ pixel (29 
Determination of reactive oxygen species (ROS) with DHRh123
Cells grown on collagen-coated coverslips were incubated for 4 -8 h in Tyrode solution containing 5 M CdCl 2 or 5 M CdCl 2 ϩ 15 mM N-acetylcysteine in the presence of dihydrorhodamine 123 (DHRh123) (2 M) (Molecular Probes, Eugene, Oreg.). DHRh123 was dissolved in DMSO. During the cellular production of ROS, the intracellular DHRh123 was irreversibly converted to the green fluorescent compound rhodamine 123 (Rh123 ϩ ) (500 -540 nm). Rh123 ϩ , being membrane impermeable, accumulates in the cells. Images were taken before addition of 5 M CdCl 2 and after washing out the incubation solution twice with Tyrode solution.
Detection of apoptosis and necrosis by fluorescence microscopy
4 ϫ 10 4 cells were seeded onto 35 mm tissue culture dishes and grown for 3 days before experiments began. Cells were stained intravitally with the DNA dyes Hoechst 33342 (H-33342; 2 g/ml) and ethidium bromide (5 g/ml), as described by Sun et al. (30) with minor modifications. Under UV epi-illumination ( ex : 330 -380 nm; em : Ͼ430 nm), necrotic cells fluoresce pink due to EB whereas normal and apoptotic cells emit blue fluorescence due to H-33342. EB stains nuclei from cells that lost their plasma membrane integrity (i.e., underwent necrosis). In contrast, the lipophilic DNA dye H-33342 freely enters viable as well as apoptotic cells. Apoptotic cells can be distinguished from viable cells by their nuclear morphology with nuclear condensation and fragmentation as well as by the higher intensity of blue fluorescence of the nuclei. After washing out of the dyes, cells were examined under a UV/VIS fluorescence microscope (IMT-2 Olympus). Cells from five microscopic fields (200ϫ magnification) were counted per dish. Cell proliferation was estimated semiquantitatively by counting cell numbers and mitotic figures.
Antibodies
The monoclonal antibody to the ␣1-subunit of Na ϩ /K ϩ -ATPase (purified rabbit kidney Na ϩ /K ϩ -ATPase) was obtained from Upstate Biotechnology (Hamburg, Germany). The rabbit polyclonal antiserum to ubiquitin was from Sigma.
Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and Western blotting
After washing three times with phosphate-buffered saline (PBS), WKPT-0293 Cl.2 cells were scraped off the culture flasks with a rubber policeman, centrifuged, and the cell pellet was resuspended in 100 l of a buffer containing (in mM) mannitol 280, HEPES 10, EDTA 5, MgSO 4 0.1, Pefabloc 0.2, and 10 g/ml leupeptin (pH 7.0 adjusted with Tris). Cells were solubilized by addition of 50 l of 3ϫ concentrated SDS sample buffer and sonicated for 30 s on ice. After centrifugation at 12,000 ϫ g for 5 min, the protein content of the supernatant was determined by the Lowry method. After incubation of samples at 37°C for 30 min, 50 g of membrane protein was loaded onto each lane of the gel. Electrophoresis and blotting procedures were performed essentially as described earlier (28, 31) . Proteins were separated by SDS-PAGE on 7.5% acrylamide Laemmli minigels and transferred onto PVDF membranes overnight. The efficiency of protein transfer was monitored with prestained protein standards. Blots were blocked with 3% nonfat dry milk in Tris-buffered saline containing 0.05% Tween 20 for 6 h and incubated overnight at 4°C with primary antibodies against Na ϩ /K ϩ -ATPase (0.5 g/ml) or ubiquitin (1:100). After incubation with horseradish peroxidase-conjugated secondary antibodies (1:6,000 dilution) for 60 min at 4°C, blots were developed in enhanced chemiluminescence reagents and signals were visualized on X-ray films. X-ray films were scanned with a single pass flat-bed scanner (Linotype-Hell, Eschborn, Germany) and processed for documentation using a JASC Paint Shop Pro 4.1 software (Jameln, Germany). Signals from different experiments were scanned and the intensity (optical density) of the chemiluminescence signals was quantified on a Bioprofil computer assisted imaging and scanning system (VilberLourmat; Marne La Vallée, France).
Detection of Na
؉/ K ؉ -ATPase by indirect immunofluorescence WKPT-0293 Cl.2 cells grown on glass coverslips were fixed in 4% paraformaldehyde/PBS for 30 min at room temperature. All subsequent steps were also carried out at room temperature. Cells were rinsed 3 ϫ 5 min in PBS and permeabilized by incubation for 5 min in PBS containing 0.1% Triton X-100. After three rinses in PBS, coverslips were inverted on 100 l drops of anti-Na ϩ /K ϩ -ATPase antibody (5 g/ml) on Parafilm and incubated for 1 h in a moist chamber. After three more rinses in PBS for 5 min, coverslips were incubated on drops of donkey anti-mouse IgG coupled to indocarbocyanin (CY3) for 30 min. After three more rinses for 5 min in PBS, coverslips were mounted in a medium consisting of 50% Tris . HCl (pH 8.0), 50% glycerol, and 4% n-propyl gallate as an antiquenching agent. They were examined using an Olympus BX50F microscope equipped with a 40ϫ Olympus UPlanFI objective and a narrow band green fluorescence exciter filter ( 530 -550 nm). Images were recorded with a 3CCD color video camera (Sony DXC-950) and digitized to 8 bits/pixel using a software ('-Slicer') developed by Professor B. Lindemann (II. Department of Physiology, University of Saarland, Homburg/Saar, Germany). Digitized images were processed for documentation using an Adobe Photoshop D1-4.0 software (Herzogenaurach, Germany). The brightness and contrast of the images used in this study were enhanced by 20% and 40%, respectively.
Statistics
All experiments were repeated at least three times with different batches of cell preparations, and representative data or means Ϯ sd are shown. Statistical analysis was carried out with the Statgraphics program using unpaired Student's t test. Results with levels of P Ͻ 0.05 were considered significant.
RESULTS
Cadmium induces the production of ROS in proximal tubule cells (WKPT 0293 Cl.2)
Cd is not a Fenton metal and therefore cannot generate reactive oxygen species by itself (32) . However, Cd does elevate lipid peroxidation in tissues soon after exposure (see ref 33 for review). Moreover, free radical scavengers and antioxidants protect against Cd toxicity, suggesting that Cd does increase radical formation, though indirectly (33) . To measure Cd-induced ROS formation, immortalized cells (WKPT 0293 Cl.2 from the S1 segment of rat proximal tubule) were loaded with DHRh123 (2 M) and incubated with 5 M CdCl 2 for various time periods. The dye was washed out from the medium before analysis of fluorescence images. Though ROS may be generated at earlier time points, significant increases of Rh123 ϩ fluorescence were not detected earlier than 4 -8 h after addition of CdCl 2 (Fig. 1A) . To further investigate the hypothesis of Cd-induced ROS formation, two different thiol antioxidants, N-acetylcysteine (NAC) and pyrrolidine dithiocarbamate (PDTC), were tested on the potential of Cd to induce ROS production: NAC can raise intracellular glutathione levels and thereby protect cells from the effects of ROS (34) . In addition, the SH-group of the agent can react directly with radicals. PDTC (35) is also a potent chelator of various metals, including Cd (36) . Both NAC (15 mM) (Fig. 1B) and PDTC (0.1 mM) (data not shown), when incubated together with Cd for 8 h, prevented the increase of Rh123 ϩ fluorescence induced by Cd alone. 
Cadmium induces apoptosis but not necrosis in proximal tubule cells (WKPT 0293 Cl.2)
Incubation of cells with micromolar Cd concentrations for up to 72 h raises the legitimate question of whether under the experimental conditions selected in this study, proximal tubule cells are still viable and able to activate their protein synthesizing and modifying machineries. Cd-induced proteinuria, glucosuria, calciuria, and aminoaciduria are thought to result from proximal tubule cell necrosis (1). But Cd is also known to induce apoptosis in renal tubule cells (3, 37) when used at low concentrations that do not lead to rapid metabolic collapse and necrosis. By subsequent incubation with the vital bisbenzimidazole dye Hoechst 33342 and the DNA intercalating agent ethidium bromide, apoptotic cells, whose plasma membrane integrity is still intact, could easily be distinguished from cells that underwent necrosis and therefore can be labeled by the plasma membrane impermeable charged dye ethidium bromide (30) . Incubation of proximal tubule (PT) cells with 10 M CdCl 2 for 20 h induced typical features of apoptosis such as chromatin condensation, fragmentation, and the appearance of apoptotic bodies (see Fig. 2A ). The basal rate of apoptosis under control conditions of 2.4 Ϯ 1.6% was significantly increased by Cd treatment (8.1Ϯ1.9%; PՅ0.001). Increased apoptosis was also observed after incubation of PT cells with 10 M CdCl 2 for 72 h (controls: 2.0Ϯ0.4%; Cd: 4.0Ϯ0.6%; PՅ0.001), though the percentage of apoptotic cells was smaller compared to Cd exposure for 20 h (Fig. 2B) . In contrast, the percentage of necrotic cells was not increased by Cd exposure either at 20 h (controls: 0.5Ϯ0.3%; Cd: 1.4Ϯ2.5%) or 72 h (controls: 0.2Ϯ0.1%; Cd: 0.3Ϯ0.3%). These data clearly show that at the concentrations of Cd selected in this study, the rates of cell death (apoptosisϩnecrosis) were significantly increased, but never exceeded 10%. Moreover, Cd did not affect cell proliferation, as estimated by comparison of cell numbers and percentage of mitotic figures (data not shown).
Cd induces a time-dependent increase of ubiquitinprotein conjugates in WKPT 0293 Cl.2 cells
Cd-dependent formation of ROS may provoke oxidative breaks or misfolding of proteins, which may then be targeted for degradation by the ubiquitinproteasome proteolytic pathway. Therefore, we examined whether Cd incubation of proximal tubule cells leads to an accumulation of ubiquitinated proteins. As shown in Fig. 3A , B, the levels of ubiquitin conjugates increased ϳtwofold after 24 h and ϳsix-fold after 72 h of Cd incubation. Coincubation with 15 mM NAC, which prevents the generation of ROS (see Fig. 1B) , strongly reduced the ubiquitination levels of cellular proteins (Fig. 3) .
Cd enhances the degradation of Na
؉ /K ؉ -ATPase in WKPT 0293 Cl.2 cells
The ␣1-isoform of Na ϩ /K ϩ -ATPase is expressed in WKPT 0293 Cl.2 cells (Fig. 4 and Fig. 6 ). After addition to the culture medium of 10 g/ml cycloheximide, which blocks protein synthesis, protein levels of the ␣1-subunit of Na ϩ /K ϩ -ATPase did not change significantly over 72 h (Fig. 4A) and were similar to those of control cells without cycloheximide (not shown), confirming that Na ϩ /K ϩ -ATPase belongs to the class of long-lived proteins (9) . In contrast, in cells that had been incubated for up to 72 h with 5 M CdCl 2 , the ␣1-subunit of the Na ϩ / K ϩ -ATPase decreased to ϳ25% of the control level after 72 h incubation (Figs. 4B, C) . This indicates that Cd has induced proteolytic degradation of the ␣1-subunit. When the scavenger of ROS, NAC (15 mM), was coincubated with Cd, it largely prevented the decrease of ␣1-subunit expression observed with Cd alone, thus underscoring the role of ROS in Cd-induced degradation of Na ϩ /K ϩ -ATPase.
Degradation of Na ؉ /K ؉ -ATPase is sensitive to proteasomal and endo/lysosomal inhibitors
Degradation of ubiquitinated proteins is carried out by either the proteasome (usually degradation of cytosolic or misfolded proteins in the endoplasmic reticulum, but also oxidatively damaged proteins) (15, 20 -22, 25, 26) or the endo-/lysosomal system in the case of several transmembrane proteins (17) (18) (19) . In the past few years, various agents have been identified as useful tools for the study of the proteasome (26) . Several peptide aldehydes, including MG-132, reversibly inhibit the peptidase activities of the 20S proteasome in vitro and in intact cells. However, the peptide aldehydes also inhibit the function of the lysosomal cysteine proteinases (e.g., cathepsin B, H, and L) and the Ca 2ϩ -activated proteinases (23, 26) . In contrast, a highly specific, irreversible inhibitor of the 20S proteasome, lactacystin (38), has not been found to inhibit any other known protease. When the potent proteasome inhibitors lactacystin (10 M) or MG-132 (20 M) were added during Cd stress, the levels of ubiquitinconjugated cellular proteins were strongly and significantly enhanced at all time points Ն 6 h (compare Fig. 3 and Fig. 5 and data not shown), whereas degradation of Na ϩ /K ϩ -ATPase was strongly reduced ( Fig. 6 and Table 1 ). This suggests that the proteasome is responsible for both degradation of the bulk of Cd stress-induced ubiquitin-conjugated proteins and is involved in Cd-dependent proteolysis of Na ϩ /K ϩ -ATPase. Chloroquine (0.2 mM) or NH 4 Cl (30 mM)-weak bases that dissipate the late endo-/lysosomal acidic pH, thereby inhibiting lysosomal protease activity in these compartments-also led to a significant inhibition of Na ϩ /K ϩ -ATPase degradation (see Fig. 6 and Table 1 ). However, though chloroquine moderately increased the levels of ubiquitin-conjugated proteins induced by Cd in some experiments (compare Fig. 3A and Fig. 5A) Fig. 3B and Fg. 5B). This suggests that though the majority of ubiquitinated proteins is not degraded by the endo-/lysosomal pathway, oxidatively damaged Na ϩ /K ϩ -ATPase molecules are also degraded by endo-/lysosomes.
When both, chloroquine (0.2 mM) and lactacystin (10 M) were coincubated with Cd, degradation of the Na ϩ /K ϩ -ATPase was abolished (Fig. 6 ).
Cd-induced decrease of Na ؉ /K ؉ -ATPase expression in the plasma membrane of WKPT 0293 Cl. 2 
cells involves retrieval of the enzyme into intracellular compartments
To characterize further Cd-induced damage of the ␣1-subunit of Na ϩ /K ϩ -ATPase of PT cells and the cellular degradation pathways involved, cells were 
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ϩ -ATPase in the plasma membrane was strongly reduced in most cells that had been exposed to Cd for 48 h, both in the absence (Fig. 7B) and presence of lactacystin plus chloroquine (Fig. 7C ), compared to control cells (Fig. 7A) . However, Cdexposed cells that had been coincubated with chloroquine and lactacystin developed a different structure, clearly showing a round shape and a distinct accumulation of immunoreactive material in intracellular vesicular structures. This indicates that after Cd exposure, damaged Na ϩ /K ϩ -ATPase molecules are endocytosed and routed toward endo-/lysosomal degradation.
DISCUSSION
The cellular processes underlying Cd nephrotoxicity are poorly understood: Cd reacts with thiol groups and may substitute for zinc in critical metabolic processes (39) , but it also causes DNA strand breaks, lipid peroxidation, and generation of oxidatively modified proteins (33, 40, 41) . Cd, not being a Fenton metal, does not appear to generate free radicals by itself (33) , but it has been shown to produce hydroxyl radicals in the presence of metallothioneins, containing Fenton metals (32) . This suggests that Cd-mediated production of ROS takes place as a consequence of Cd-induced displacement of endogenous redox active metals (Fe, Cu) and subsequent damage to critical organelles (e.g., mitochondria) or is due to a decrease of endogenous radical scavengers, such as glutathione and/or protein sulfhydryls (33) . What, then, is the mechanism underlying the damaging effect of Cd on renal Na ϩ -dependent membrane transporters? Though transfection and in vitro studies with isolated renal brush-border membrane vesicles have shown a direct inhibitory effect of Cd on the functional activity of various Na ϩ -dependent membrane transporters with an IC 50 of ϳ50 -300 M (42, 43) as well as ROSmediated inhibition of Na ϩ /K ϩ -ATPase function within hours (24) (see also Fig. 1 ), the present data rather demonstrate that low micromolar concentrations of Cd may already decrease Na ϩ -dependent transport in proximal tubule cells by increasing the proteolysis of Na ϩ /K ϩ -ATPase through the proteasome system and lysosomal proteases.
A major factor determining protein stability is the amino-terminal residue ('N-end rule') (44). We may speculate that subsequent to Cd-induced oxidative damage, those Na ϩ /K ϩ -ATPase protein molecules may be targeted to selective degradation by the proteasome whose amino-terminal residues have been cleaved so as to expose a destabilizing residue at the amino terminus (45) . The participation of the proteasome in the degradation of Cd-induced, potentially toxic oxidatively modified proteins, as implied in the present study for Na ϩ /K ϩ -ATPase, is supported by the observation in yeasts that mutants in the proteasome are Cd hypersensitive (46) .
Cd-induced degradation of Na duced by the inhibitors of the lysosomal pathway chloroquine (0.2 mM) and NH 4 Cl (30 mM) ( Fig. 6 and Table 1 ), suggesting that in Cd-exposed cells, degradation of oxidatively modified Na ϩ /K ϩ -ATPase molecules also occurs through the lysosomal pathway. Lysosomal degradation of a mammalian plasma membrane transporter has recently been demonstrated for parathyroid hormone-induced degradation of a renal Na ϩ -dependent phosphate transporter type II (47) . In contrast, the cystic fibrosis conductance regulator, a Cl Ϫ channel involved in epithelial salt secretion, is mostly degraded intracellularly by the ubiquitin-proteasome system (48, 49) . The aldosterone-inducible, amiloridesensitive epithelial Na ϩ channel (ENaC), however, is degraded by both ubiquitin-proteasomal and endo-/ lysosomal proteolytic pathways (50) , and the same applies to connexin43-containing gap junction proteins (51) . These plasma membrane proteins all have a rapid physiological turnover (t 1/2 Յ1-3 h), as expected for transporters involved in the regulation of ion and water homeostasis. This differs from the present study, however, which shows oxidative stress-induced degradation of a long-lived protein, the ␣1-subunit of Na ϩ / K ϩ -ATPase, by both the proteasome and the lysosome. It is not known how the proteasomal and endo-/ lysosomal proteolytic pathways interact temporally and spatially. The quantitative immunoblot analyses of the present study indicate that both degradation pathways equally contribute to Cd-induced proteolysis of Na ϩ /K ϩ -ATPase (see Fig. 6 and Table 1 ). However, several experiments failed to demonstrate ubiquitination of immunoprecipitated ␣1-subunits of Na ϩ /K ϩ -ATPase (data not shown). Nevertheless, polyubiquitination of Na ϩ /K ϩ -ATPase ␣1-and ␣2-subunits has recently been demonstrated in transfected COS-7 cells, suggesting that polyubiquitination and proteasomal degradation are involved in regulating the number of Na ϩ /K ϩ -ATPase molecules, at least under certain conditions (52) .
In conclusion, the present data show that low micromolar Cd concentrations directly or indirectly increase the production of reactive oxygen intermediates. This oxidative stress decreases the stability of the ␣1-subunit of the Na ϩ /K ϩ -ATPase, a long-lived protein, which is then removed from the cells by the proteasome complex and the lysosomal pathway (Fig. 8) . An increased degradation of oxidatively modified plasma membrane Na ϩ /K ϩ -ATPase (and possibly of other Na ϩ -dependent transporters) by both proteolytic pathways could therefore contribute to the dysfunction of Na-dependent transport associated with Cd nephrotoxicity.
